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We report optical absorption and photocurrent measurements on a GaN/AlN-based superlattice. The
optical absorption has a full width at half maximum of 120 meV and takes place at an energy of 660
meV ~5270 cm21); this corresponds to a wavelength of 1.9 mm. While the optical absorption
remained unchanged up to room temperature, the photocurrent signal could be observed up to 170
K. With respect to the optical absorption, the photocurrent peak was slightly blueshifted ~710
meV/5670 cm21) and had a narrower width of 115 meV. Using this quantum-well infrared
photodetector, we were able to measure the spectrum of a 1.55 mm superluminescent light-emitting
diode.Optical devices based on intersubband transitions have
seen a decade of tremendous progress which led, among
other milestones, to the demonstration of room temperature
continuously operated quantum cascade ~QC! lasers,1 far in-
frared QC lasers with an emission wavelength of 87 mm,2
room temperature quantum-well infrared photodetectors
~QWIPs! at 10 mm,3 and highly sensitive infrared cameras
based on arrays of QWIPs.4 All these-impressive results have
triggered the implementation of intersubband devices into
‘‘real-world’’ applications like optical gas sensors,5 process
monitoring systems,6 and wireless telecommunication trans-
mitters or receivers.7 For the latter, there exist basically two
different possibilities: one can either work in one of the at-
mospheric window regions and utilize, for instance, standard
10 mm QC lasers in conjunction with QWIPs or classical
mercury–cadmium–telluride detectors; or use 1.55 mm inter-
band lasers and detect the radiation with fast near-infrared
~near-IR! interband or intersubband detectors. Since its con-
duction band discontinuity is on the order of 2 eV, the mate-
rial combination AlN/GaN is the ideal material system for
such near-IR itersubband detectors. Gmachl et al.8 and
Iizuka et al.9 have demonstrated optical intersubband absorp-
tion on GaN/AlN-superlattices; they reached wavelenghts as
short as 1.35 mm. Recently, our research groups in Neuchaˆtel
and Cornell observed intersubband absorption in the triangu-
lar well of a GaN/AlGaN-based field effect transistor.10 In
yet another line of research, Gopal et al. showed intersub-
band absorption in InGaAs/AlAsSb quantum wells at wave-
lengths of 1.35 mm.11 All of these devices, however, were not
electrically active, which so far prevented them from being
useful for practical applications. In this letter, we conse-
quently present results on a GaN/AlN-based QWIP working
at wavelengths down to 1.55 mm.
Growth of these superlattices was based on molecular
beam epitaxy on c-face sapphire substrates. Thermal sources
for the group III elements, and a remote radio frequency
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Einstein-Allee, 89081 Ulm, Germany.source for the atomic nitrogen were used in the epitaxy sys-
tem. After a very thin AlN nucleation layer, a 500-nm-thick
n-doped ~Si, 531018 cm23) Al0.5Ga0.5N buffer layer was
grown, followed by a 20 period GaN/AlN superlattice with
20 Å thickness for each layer and n-doped wells ~Si, nomi-
nally 531019 cm23!. The top layer was a 100-nm-thick
n-doped ~Si, 1.531018 cm23) Al0.5Ga0.5N layer. The com-
positions and the thicknesses of the superlattice were con-
firmed by x-ray diffraction and transmission electron micros-
copy ~TEM!. Capacitance–voltage measurements on the as-
grown wafer revealed a doping level of 1 – 231018 cm23
for the top Al0.5Ga0.5N layer; due to the relatively large
thickness of the latter, the carrier density in the underlying
wells could not be accurately determined. The TEM analysis
revealed a certain surface roughness which did not adversely
affect the optical properties of the device. After growth, the
samples were metalized using a shadow mask with 800 mm
wide openings. We first deposited a Ti/Al/Ti/Au ~40/200/40/
200 nm! ohmic contact which was annealed at 800 °C for 60
s. Between the annealed ohmic contact stripes, we evapo-
rated stripe-shaped Pd/Au ~40/200 nm! Schottky contacts.
The wafer was then polished in a standard multipass wave-
guide geometry with two parallel 45° wedges and a polished
back ~see inset of Fig. 1!. Due to the huge size of the contact
stripes ~800 mm33 mm!, we observed rather large leakage
currents across the diode. Using a small In dot which was
squashed towards the polished edge of the wafer, we con-
nected the ohmic top contact—and probably also the under-
lying superlattice and the buffer layer—to the copper sub-
mount, whereas the Schottky contact was bonded to a Au-
coated ceramic contact pad. Due to the rather low lateral
conductivity of the top contact layer, the superlattice was not
short-circuited by the In dot.
All experiments were carried out in the sample compart-
ment of a Nicolet Fourier-transform spectrometer ~FTIR! us-
ing the internal white-light source with beam condenser, the
internal room temperature deuterated triglycine sulfate detec-
tor, and the quartz beam splitter. The sample was held on the
cold finger of a liquid He-flow cryostat. The background
measurements for the optical absorption were done using a
2metal grid polarizer in TE orientation. For photocurrent mea-
surements, an EG&G voltage amplifier was connected be-
tween the Schottky and the ohmic contacts of the device.
Between those two electrodes, the photocurrent induced a
small, but measurable voltage difference; the output of the
amplifier was fed into the external detector port of the FTIR.
The photocurrent experiment was done at low temperatures,
typically between 10 and 170 K. For the optical absorption
measurements, where no difference was seen between 77 and
300 K, we measured usually at room temperature.
In Fig. 1, we present a computed band diagram of our
structure. The conduction band discontinuity was assumed to
be 2.1 eV. All layer thicknesses are 20 Å, and the internal
fields at each interface are 66.5 MV/cm.12 The simulation
was done assuming a superlattice with an infinite number of
periods, no boundary effects, and no external bias voltage.
Based on these assumptions, we found a transition energy of
610 meV and a dipole matrix element ~an integral @z21#
5*w2*(z)zw1(z)dz describing the spatial overlap be-
tween 2 electronic wave functions! of 4.9 Å between the first
excited state and the ground state. Between the second ex-
cited state and the ground state, the respective numbers were
1.24 eV and 0.1 Å. Figure 2 shows a comparison between the
optical absorption signal at room temperature, at 77 K, and
the photocurrent measurements at 10 K for both TE, and
TM-polarized light. Electromodulated absorption measure-
ments like described in Ref. 10 were tried as well, but due to
the large thickness of the top Al0.5Ga0.5N contact layer and
the high doping level in the wells, no depletion of the latter
could be achieved. The optical absorption curves were ob-
tained from measurements under both polarizations, and sub-
sequent normalization using the formula aL
5Log(TTE /TTM). TTE and TTM are the transmitted intensi-
ties in the two polarizations, and aL is the absorbance of the
structure. From the integral under the absorbance curves, we
deduced a carrier density of 6.531019 cm23; this value is
consistent with the intentional doping level in the wells. In
order to exclude the effects of the top metalization, optical
absorption was measured in an area without metal. The ab-
sorption signal peaks at 5270 cm21 ~660 meV/1.9 mm! and
shows a full width at half maximum ~FWHM! of 120 meV.
The absorption curves at 77 and at 300 K were nearly iden-
tical. Since the number of electrons in the wells remains
essentially the same, the amount of optical absorption did not
FIG. 1. Schematic conduction band structure of a GaN/AlN superlattice
with 20-Å-thick well and barrier layers. The observed transition, DE21 ,
takes place between the ground state and the first excited state and has a
computed energy of 610 meV. The inset shows a schematic cross section
through the sample.change. The TM photocurrent signal is slightly blueshifted
with respect to the absorption, peaks at 5670 cm21 ~710
meV/1.76 mm! and has a FWHM of 115 meV. This blueshift
is expected because optical absorption is possible as soon as
the energy exceeds the transition energy, leading usually to a
Lorentzian line shape. The photocurrent in our device, how-
ever, is a product between the Lorentzian absorption line
shape and the tunnelling probability, which increases expo-
nentially with decreasing barrier height. Due to this effect,
the high energy tail of the initial absorption curve is en-
hanced quite considerably; resulting in the observed blue-
shift. The inset of Fig. 2 shows dark current versus bias
voltage for temperatures of 10, 100, 200, and 300 K. As
mentioned before, these large Schottky diodes were rela-
tively leaky with dark current densities on the order of sev-
eral tens of mA/cm2 at low bias voltages of 0.2 V.
In order to obtain the responsivity of this QWIP, we
replaced the internal white-light source of the spectrometer
by a narrow emission room temperature operated 1.55 mm
superluminescent light-emitting diode ~SLED!. In Fig. 3, we
present several photocurrent measurements as a function of
temperature using the white-light source; and one curve
showing the emission spectrum of the SLED. The output
power of the latter was set to 1 mW; this produced a photo-
current of 20 nA, resulting in a responsivity of R520 mA/W
at 10 K and 1.55 mm. Assuming a coupling efficiency into
the device of 1, we deduce a peak responsivity of Ri5100
mA/W.13 Based on a 10 K device resistance of 8.1 MV, and
considering Johnson noise as the dominant noise source
(NEP5In ,Johnson /Ri545 nW!, this results in a detectivity of
roughly 23109 (cm2 Hz)1/2/W. Knowing further the quan-
tum efficiency of h50.68, the conversion factor e/hn51.41
A/W, the capture probability of pc51, and the number of
QWs, N520, we were able to estimate the escape probability
pe5(NpcRi)/(eh/hn)50.002. Given the barrier height of
more than 1 eV in our structure, this small value looks quite
reasonable.
Figure 4, finally, shows the photocurrent versus photon
energy curves as a function of temperature up to 170 K. In
the inset, we present peak signal height versus bias voltage
FIG. 2. Comparison between optical absorption at 300 K ~circles! and at 77
K ~dashed line!, photocurrent at 10 K using TM polarized light ~solid line
with triangles!, and photocurrent at 10 K using TE polarized light ~solid,
noisy line along the floor!. The units on the y axis are valid only for the
optical absorption measurements. The inset shows dark current vs bias volt-
age for 10 K ~lowest current!, 100, 200, and 300 K ~highest current!.
3~left half! and versus temperature ~right half!. Under appli-
cation of a positive bias voltage, the photocurrent increased
slightly, namely by about 25% for a voltage of 10.7 V on the
Schottky contact. Likewise, a signal decrease of about 30%
could be observed under application of a negative voltage of
20.6 V. Based on these observations, we concluded that the
direction of the unbiased photocurrent is from the top contact
towards the buffer layer. For higher voltages of both polari-
ties, the signal became increasingly noisy, and no additional
measurements were possible. Especially at very low tem-
peratures, a small shoulder on the high energy tail of the
main peak became visible. The approximate energy of 9500
cm21 and its small relative height, only about 5% of the
main peak, are consistent with what we predicted for the
slightly diagonal DE31 transition in the quantum wells. Due
to the greatly reduced residual barrier height/thickness and
thus the much higher tunnelling probability, even this transi-
tion with its extremely small oscillator strength could con-
tribute to the photocurrent.
When going up to 170 K, the sensitivity dropped by
FIG. 3. Photocurrent vs photon energy curves for temperatures of 10, 30,
50, and 70 K. The peaked signal at 1.55 mm was obtained using an external
SLED (P51 mW, T5300 K! as excitation source.
FIG. 4. Photocurrent vs photon energy curves, at zero bias voltage and
different temperatures in steps of 20 K from 10 K ~highest signal! to 170 K
~lowest signal!. The inset shows the peak photocurrent signal as a function
of different bias voltages ~left! at 10 K; and as a function of temperature at
zero bias ~right!.about two orders of magnitude. A likely reason for this ob-
servation is the internal device resistance which eventually
gets too low, so that the signal becomes of comparable size
as the Johnson noise. A classical QWIP has its excited state
resonantly aligned with the upper band edge. This guarantees
a high escape probability of the electrons, lowers their cap-
ture probability, and allows to improve the responsivity by
applying a voltage on the structure. In our case, the upper
state is still more than 1 eV below the upper band edge.
Thus, a very low probability tunnelling process is necessary
to enable current flowing across the superlattice. As seen
above, we estimated pe50.002 for this probability. From this
point of view, a GaN/AlN QWIP at 1.76 mm suffers from a
similar performance problem as a QC laser used as
photodetector.13 The photoconductive gain is also low be-
cause the electrons will have a high capture, but a very low
escape probability. The naive estimation mentioned before
resulted indeed in gphoto51024. We therefore expected a low
responsivity, and only a marginal improvement under appli-
cation of a small bias voltage; in agreement with the experi-
mental findings. However, since the noise gain is small as
well, the noise behavior is quite good, which is confirmed by
the detectivity value of 23109 (cm2 Hz)1/2/W.
In conclusion, we have presented a GaN/AlN-based
QWIP which is most sensitive at a wavelength of 1.76 mm.
Using this structure, we were able to measure the emission
spectrum of a 1.55 mm SLED. This result is an extremely
important milestone towards the demonstration of a high per-
formance intersubband detector at the telecommunication
wavelength of 1.55 mm.
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